The homeobox gene orthodenticle (otd) specifies anterior head development in the Drosophila embryo. otd-related genes are also found in vertebrates, with expression patterns suggesting that they are important for the development of anterior regions of the head and brain. Here, we analyze the molecular mechanisms by which otd expression is activated within its normal domain in the head and repressed outside this region. We demonstrate that, contrary to early models of embryonic pattern formation, high levels of the bicoid morphogen are not required for otd activation or for the establishment of anterior head structures. We also show that the terminal system contributes to otd activation in the head primordium. Finally, we identify a novel pathway mediated by the gap gene huckebein through which three maternal systems cooperate to repress otd expression at the anterior terminus of the embryo.
Introduction
Intensive molecular and genetic investigation has provided a detailed picture of how pattern formation occurs in the trunk region of the Drosophila embryo. In this domain, progressive subdivision of the embryo requires the functions of the maternal coordinate, gap, pair-rule, and segment polarity genes (reviewed in Ingham, 1988; Pankratz and JackIe, 1990) . Although gaps in our knowledge remain, the basic genetic hierarchy underlying trunk segmentation is reasonably well understood. In addition, specific genes in this regulatory cascade have been shown to be evolutionarily conserved and performing similar functions in other animal embryos.
Head development in the fruitfly embryo, however, is less well characterized. Since the anterior (cephalic) head segments are particularly difficult to discern morphologically, the analysis of mutations that disrupt their development has proceeded more slowly. Most evidence suggests that the more posterior (gnathal) head segments are specified by a mechanism similar to that functioning the trunk. Anterior head segmentation, on the other hand, appears to be governed by a distinct genetic paradigm (reviewed in Cohen and Jurgens, 1991; the elimination of medial neural and epidermal cell fates (Finkelstein et aI., 1990; Klambt et aI., 1991; Wieschaus et aI., 1992) . No evidence for homeotic transformation of the deleted anterior head structures has been found in otd mutant embryos. Similar deletions of cephalic structures are also caused by mutations in the genes empty spiracles (ems) and buttonhead (btd; Dalton et aI., 1989; Cohen and Jurgens, 1990) . Because of the loss of structures from adjacent head segments, it has been suggested that otd, in combination with ems and btd, functions as a gap gene required for anterior head segmentation (Cohen and Jurgens, 1990; Mohler, 1995) . More recently, an additional gene, sloppy paired (sip) has been proposed to contribute to the combinatorial specification of the anterior head (Grossniklaus et aI., 1994) .
To understand the genetic hierarchy of head development, we are investigating the regulation of otd expression in the early embryo. We have shown previously that early otd expression in the anterior embryo is positively regulated by the maternal bcd gradient . In the absence of bcd activity, otd expression is entirely absent from the head primordium. In addition, we have demonstrated that loss of otd expression at the extreme anterior pole of the embryo requires negative regulation from the terminal class of genes. This anterior repression has been proposed to occur through the inactivation of bed function in this region by the terminal system (Ronchi et aI., 1993) .
Here, we continue our analysis of early otd regulation. We show that otd expression, contrary to the 'Gene X' model of early pattern formation (Driever et aI., 1989) , does not require high levels of bcd protein. Instead, in the presence of relatively low bcd levels, we demonstrate that both otd activation and the formation of anterior head structures can occur. We also show that the terminal system is required not only for repression at the pole, but also for the correct activation of otd in the head primordium. Finally, we describe a previously unidentified pathway that contributes to otd repression at the anterior terminus of the blastoderm. This pathway is mediated by the terminal gap gene huekebein (hb) , and requires input from all three maternal morphogens that specify embryonic head development. Fig. 1 shows the spatiotemporal changes in otd expression in the early wild-type embryo. As we have described previously , otd RNA expression is initiated as a 'cap' in the anterior region of the syncytial blastoderm embryo (Fig. lA) . Expression then disappears from the anterior terminus (Fig. IB) , such that otd is expressed in a stripe in the cellular blastoderm embryo extending from approximately 75 to 92% egg length (EL; see Experimental Procedures for a description of how the stripe borders were measured). Expression also retracts from the ventral region of the embryo, such that the stripe is no longer circumferential (Fig. 1 C) . After gastrulation, otd expression resolves into the procephalic region of the head and begins to appear at the ventral midline ( Fig. lD-F) .
Results
What follows is an analysis of the genetic basis of this spatiotemporal pattern, focusing on the regulation of early head expression. We begin by describing the respective roles of the anterior and terminal systems in otd activation. Next, we analyze how the terminal, dorsoventral, and anterior systems cooperate to repress otd expression at both the anterior terminus and in the ventral region of the head primordium.
otd activation by the anterior system
We have shown previously that the posterior extent of the otd head stripe is positively correlated with maternal bed dosage. As maternal bed copy number is increased genetically, the posterior border of otd expression shifts posteriorly under the influence of the altered bcd protein gradient (Driever and Nusslein-Volhard, 1988b; . We were also interested in whether specific bcd concentrations determine the anterior limit of the otd expression domain. As shown in Fig.  2 , we find that its position, like that of the posterior boundary, is correlated with bcd levels, shifting from 93% to 86% EL as maternal bed dosage increases from one to six copies. Although the precise quantitation of bcd concentration by immunostaining is difficult (Driever and Nusslein-Volhard, 1988a) , this result suggests that anterior repression of otd is bcd-level-dependent. As can also be seen, the posterior shift of both boundaries of otd expression occurs significantly more slowly than does the change in bcd concentration with bed copy number. This suggests that otd activation is either not a simple function of bcd concentration or that additional activators or repressors are involved, as will be discussed. Finally, it is interesting to note that the position of the cephalic furrow, demarcating the posterior limit of the head, follows the posterior boundary of otd expression much more closely than it does bcd levels (not shown).
Next, we examined the effects of maternal mutations that disrupt the correct establishment of the bcd gradient (reviewed in St. Johnston et aI., 1989) . In embryos derived from females mutant for exuperantia (exu), the bcd protein gradient has been shown to be shallower than in wild-type embryos (Driever and Nusslein-Volhard, 1988a) . In exu embryos, bcd concentration at the anterior pole is equivalent to the concentration normally found at approximately 65% EL. In such embryos (Fig. 3A) , the otd stripe does not disappear, but shifts anteriorly, such that it extends from approximately 85-93% EL. A similar effect is seen in embryos lacking maternal swallow (swa) activity (Fig. 3B) . In these embryos, the bcd gradient is Fig. I . otd expression in the early embryo. otd RNA expression is initiated as a cap covering the anterior end of the syncytial blastoderm embryo (A). At this stage, expression is relatively weak, and the posterior border is not sharply defined. As cellularization proceeds, expression disappears from the anterior terminus, the posterior border sharpens, and retraction from the ventral region begins (B). In the cellular blastoderm embryo (C), otd is expressed in a horseshoe-like domain extending from 74.5-92.0% EL (see Experimental Procedures). As gastrulation begins, RNA levels transiently decrease, and expression becomes progressively restricted to the procephalic region (D,E). Finally, otd RNA accumulates in a large, preantennal region of the head (arrow), and expression appears at the developing midline (arrowhead) of the embryo (P). In all panels, anterior is to the left and dorsal is up. also reduced and shallower, although bcd levels are slightly higher than in exu embryos (Driever and Nusslein-Volhard, 1988a) . Consistent with this observation, otd expression extends from approximately 84-93% EL in swa embryos.
As mentioned above, the fact that the borders of otd expression do not shift as sharply as predicted simply by bcd protein concentration suggests the possibility of additional anterior activators. One candidate for such an anterior activator is the gap gene hunchback (hb), which specifies positional values in the trunk in a concentrationdependent fashion (Hulskamp et ai., 1990; Struhl et ai., 1992) . Consistent with this idea, Simpson-Brose et ai. (1994) have shown that hb cooperates with bcd in activating the head gap genes. By an elegant genetic approach, they have generated embryos that lack maternal hb and have varying dosages of zygotic hb. Using this strategy, they report that embryos lacking all hb expression do not express otd. In addition, they show that expression of both ems and btd is reduced and shifted anteriorly.
Repeating their analysis, we also observe a requirement for hb in otd activation (Fig. 3C,D) . However, in embryos lacking both maternal and zygotic hb, we find that otd expression is in fact not eliminated, but that its posterior border shifts anteriorly (Fig. 3C) that otd activation is facilitated by hb, but that anterior repression is hb-independent.
otd activation and the establishment of anterior head structures do not require high bicoid levels
The discovery of a bcd protein gradient initially suggested that specific target genes might require different bcd levels for their activation. It was originally proposed that high levels of bcd would be required for the activation of gap genes in the anterior head, while lower levels would be sufficient to activate genes expressed in more posterior regions (Driever and Nusslein-Volhard, 1988a; Struhl et aI., 1989) . However, the presence of otd expression in embryos with strongly reduced bcd levels (see above) suggests that high bcd concentrations are in fact not necessary for otd activation.
To test this idea further, otd expression was examined in embryos of the maternal genotypes vasa exuperantia (vas exu) or staufen exuperantia (stau exu). In vas exu embryos, relatively low levels of bcd are present throughout the embryo with anterior concentrations slightly higher than posterior concentrations (Struhl et aI., 1989) . Because of the presence of posterior bcd expression, these embryos show ectopic posterior head and thoracic structures (Driever and Nusslein-Volhard, 1988a ; see below).
Consistent with this phenotype, vas exu embryos exhibit ectopic posterior otd expression at the blastoderm stage that persists after gastrulation (Fig. 4A,B ). This posterior expression is not present in singly mutant vas embryos (not shown). The posterior otd stripe, although weaker and narrower than the anterior stripe, retracts correctly from the posterior pole and resolves into the posterior 'head' region in a relatively normal fashion. In stau exu embryos, the bicoid gradient is further attenuated, with low, uniform levels of protein present throughout the embryo (W. Driever, personal communication). Again, ectopic expression of otd is present in the posterior domain (not shown).
We next tested whether low bcd levels can induce head structures derived from the anterior cephalic region of the embryo specified by otd. Driever and Nusslein-Volhard (1988a) have previously reported the presence of posterior (gnathal) head and thoracic structures in vas exu embryos. We examined the cuticles of these embryos and found that, in addition, they exhibit ectopic antennal sense organs in the posterior region ( Fig. 4E -G). The antennal sense organ is an anterior head structure derived from the antennal segment of the embryo (Jurgens et aI., 1986) . This cephalic head segment is deleted in otd mutant embryos (Cohen and Jurgens, 1990; ). In addition, ectopic dorso-medial papillae (DMP), dorso-Iateral papillae (DLP), and anterior neural elements are present in the posterior region (not shown). The DMP and DLP are normally associated with the maxillary sense organ, but have been proposed to be derived from the ocular and intercalary segments, respectively, also subdivisions of the anterior head (Cohen and Jurgens, 1990) . Therefore, relatively low concentrations of bcd can not only activate otd expression, but also induce the formation of anterior head structures.
otd activation by the terminal system
Since bcd protein is present throughout vas exu embryos, an important question is why otd activation and anterior head structures are present only at the two ends of the embryo. One possibility is that, at low bcd concentrations, additional activators are required which are only present in the terminal regions. This is the case for the gap gene tailless (tll), a transcription factor in the terminal system signaling cascade (Pignoni et aI., 1990; Pignoni et aI., 1992) .
To test directly whether otd activation at low bcd levels is terminal system-dependent, we examined embryos from triply mutant vas tor exu females. Such embryos, in addition to having reduced concentrations of bcd, lack terminal system activity. We indeed find that ectopic posterior otd expression disappears in these embryos (Fig.  4C,D) . Anterior otd expression (in the region of slightly higher bed concentrations) is reduced in intensity and fails to retract from the anterior pole. In addition, ectopic , 1994) , embryos were generated that lack maternal hb, but have varying dosages of zygotic hb. In situ hybridization was performed to these embryos using a combination of otd andJtz RNA probes. Arrows mark otd expression, and arrowheads, the weak anterior stripes of Jtz expression. The differing patterns of Jtz expression mark different classes of embryos, with increasingly severe disturbances of the fate map induced by lowering zygotic hb levels (Simpson-Brose et aI., 1994). (C) An embryo from the most severe class, corresponding to maximal loss of maternal and zygotic hb. Only five stripes of Jtz expression are visible, with the two anterior stripes considerably weaker in intensity. Here, otd expression is still clearly present, but its posterior border has shifted anteriorly (compare to Fig. IB) . The anterior border is at approximately its normal position. (D) A representative embryo from the least severely affected class, in which all sevenJtz stripes are visible, with the four anterior stripes lower in intensity. The posterior border of otd expression is slightly less anteriorly shifted and is closer to its normal position. Anterior is to the left in all panels.
head structures are no longer seen in the posterior region (not shown). Therefore, in the presence of low bcd levels, tor activity is required for both the activation of otd expression and for the formation of ectopic head structures.
To further investigate this role of the terminal system in otd activation, we examined embryos from females carrying different tor alleles. As mentioned earlier, terminal system activity is required for the retraction of otd RNA from the anterior pole. In addition, however, close examination revealed that the posterior border of otd expression is shifted anteriorly by approximately 2.S% EL in embryos from tor females (Fig. SA) . The effect of a gain-of-function tor mutation on otd expression is more striking. In embryos from females carrying the dominant allele torA-°2 l , the tor receptor tyrosine kinase is constitutively activated throughout the embryo, causing the terminal regions of the embryo to expand at the expense of the central trunk region (Strecker et aI., 1989) . In these embryos, the otd head stripe expands significantly, with both its anterior and posterior borders shifting in the posterior direction (Fig. SC,D) . The precise position of the stripe varies in different embryos, but is in the range of otd expression in embryos from females carrying between four and six copies of bed. This again suggests that in regions of lower bcd concentration, tor has a potentiating effect on bcd activation of otd. A similar effect of different tor alleles has been seen in the activation of sip expression (Grossniklaus et aI., 1994).
Anterior repression of otd by a huckebein-mediated pathway
Previously, we showed that the normal loss of otd expression at the anterior pole requires the terminal system . In embryos from tor females, the initial cap of otd expression persists and does not evolve into a stripe (Fig. SA) . This effect has been proposed to result from bcd inactivation near the anterior terminus through its phosphorylation by a kinase in the tor pathway (Ronchi et aI., 1993) . We also tested a second maternal mutation affecting a gene in the terminal system pathway, Fs(l )pole hole (Degelmann et aI., 1990) , and find a similar failure of anterior retraction (Fig. SB) .
The effect of maternal bed dosage on the anterior border of otd expression suggested the existence of a mechanism of anterior repression that is bcd-Ievel- In blastoderm embryos from vas exu females, relatively low levels of bcd protein are present throughout the embryo, with the anterior bcd concentration being slightly higher (Driever and Nusslein-Volhard, 1988a; Struhl et al., 1992) . In addition to the anterior stripe of otd expression, an ectopic, weaker posterior stripe is also present (arrow). This posterior expression is not seen in embryos from singly mutant vas females (not shown). (B) vas exu embryo (late). After gastrulation, otd expression resolves into the procephalic region of the developing posterior 'head' (arrows) and an ectopic cephalic furrow forms (arrowheads). The posterior head is usually smaller than normal. otd expression is also present at the ventral midline of the embryo. (C) vas tor exu embryo (early). These embryos have low bcd protein levels and also lack terminal system activity. At the blastoderm stage, no posterior stripe of otd expression is present. Anterior expression (in the region of slightly higher bcd protein concentrations) is present, but is reduced in intensity and fails to retract from the pole (arrow). (D) vas tor exu embryo (late). After gastrulation, otd expression can be seen in the anterior head (arrows), but not the posterior. Midline expression is also present. (E) vas exu cuticle. Despite the severe failure of segmentation in these embryos, anterior head structures form in both anterior (left) and posterior (right) regions of the larval cuticle. In each region, two antennal sense organs generally form, structures normally derived from the antennal segment (arrows indicate one antennal sense organ at each end visible in this plane of focus). The posterior antennal sense organs are sometimes, as in this panel, reduced in size. Maxillary sense organs (arrowheads), mouthhooks, and cirri, derivatives of more posterior head segments, also form although occasionally abnormal in appearance (see text for further discussion of maxiIIary sense organs). dependent (see above). The existence of such a mechanism has also been proposed to explain the anterior repression of giant (gt), til, and sip (Kraut and Levine, 1991; Pignoni et aI., 1992; Grossniklaus et aI., 1994) . In examining the effects of various mutations on otd head expression, we discovered such a pathway. As we will describe next, this pathway reveals a surprising degree of interaction among the terminal, dorsoventral, and anterior systems.
In our analysis, we identified two other mutations, dorsal (d/) and huckebein (hkb) , that also block the normal anterior retraction of otd expression. dl is a mater- nally supplied morphogen that specifies regional identity along the dorsoventral axis of the early embryo (reviewed in Govind and Stewart, 1991; Ip and Levine, 1992; St. Johnston and Nusslein-Volhard, 1992) . In this process, dl acts as both a transcriptional activator and repressor (Jiang et aI., 1992; Pan and Courey, 1992) . As shown in Fig. 6A ,B, we found that dl also functions in the anterior repression of otd expression. As can be seen, in embryos from dl females, persistent otd expression is present near the anterior terminus of the embryo. Ventral retraction, as will be discussed later, also fails to occur. Although somewhat variable among embryos, the level of ectopic otd at the anterior pole appears to increase with age.
The zygotic gap genes hkb and ttl are activated by the terminal system signal transduction cascade (for review see Perrimon, 1993) . Although ttl mutations do not obviously affect otd expression (not shown), we found that hkb, like dl, is required for anterior repression. As in dl embryos, anterior expression of otd persists in hkb mutant embryos (Fig. 6C,D) . In this case, however, ventral retraction is unaffected.
To determine whether the effect of maternal dl protein on anterior repression might be mediated through regulation of hkb, we examined hkb RNA expression in dl embryos. We found that in these embryos, anterior hkb expression initially appears at very low levels, and is then either totally lost or strongly reduced (Fig. 6F ). These results demonstrate the existence of an independent regulatory pathway at the anterior pole, which may involve direct repression of otd by hkb. Alternatively, dl and hkb could collaborate in this process of otd anterior retraction. This pathway may explain the dependence of the otd anterior boundary on maternal bcd. As bed dosage decreases or increases, hkb expression shifts anteriorly or posteriorly (Fig. 6G,H) , presumably changing the domain of hkb-mediated otd repression. Therefore, hkb-mediated repression requires input from the terminal, dorsoventral, and anterior maternal systems.
Ventral repression of otd by dl
Finally, as noted above, the normal process of ventral retraction of otd expression fails to occur in dl embryos (compare Figs. 6B and lC) . This is shown more clearly in sections of wild-type and dl cellular blastoderm embryos (Fig. 7 A,B) . By the time ventral retraction has normally occurred, otd expression is still circumferential in the mutant embryos. In embryos mutant for either twist or snail, known dl target genes (for review, see Govind and Stewart, 1991; Ip and Levine, 1992) , retraction occurs normally (not shown). This suggests that the loss of otd ventral expression may be the result of direct repression by dl. It should be noted that ventral repression by dl also extends into the anterior tip of hkb mutant embryos (Fig.  6D) . This is also true in to,-4°21 embryos (not shown). This differs from a previously described case in which the ability of dl to repress the genes zerknutlt and deeapentaplegie is inhibited at the embryonic termini by the terminal system (Rusch and Levine, 1994). 
Zygotic segmentation genes and otd head regulation
A critical issue in head development is how the expression of head-specific genes is restricted to the anterior region of the embryo. In principle, otd expression could be limited to the head primordium by the absence of anterior activators in more posterior regions or by the presence of posterior repressors. The results described above demonstrate the existence of the first mechanism, since the correct positioning of the otd posterior border requires appropriate levels of bed. tor, and hb expression in the anterior region of the embryo. However, it is of course possible that posterior repressors are also required. To test this possibility, as well as to search for additional regulators of otd expression, we screened a panel of mutations affecting various levels of the zygotic segmentation hierarchy for their effects on otd. As will be described next, we find only relatively minor contributions by other segmentation genes to the regulation of otd head expression.
We first tested mutations in gap genes known to be involved in head specification (reviewed in Finkelstein and Perrimon, 1991) . We found that strong alleles of ems, btd, gt, or tll had no apparent effect on otd blastoderm expression. Surprisingly, mutations in the gap genes Kruppel (Kr) and knirps (kni) produce a slight broadening of the early otd stripe in some embryos (not shown). This effect is caused by a small anterior shift (1-2 cells) of the anterior border and a posterior shift (1-2 cells) of the posterior border. Single mutations in either Kr or kni do not affect head development (Wieschaus et aI., 1984b; Gonzalez-Gaitan et aI., 1994) . However, kni is expressed both anterior and immediately posterior to the otd stripe (Rothe et aI., 1989) , suggesting that it could function to confine otd expression by direct repression. Kr expression, which is detectable between 33% and 60% EL (Gaul and JackIe, 1989) , is not directly adjacent to the otd domain. Therefore, its effect on otd expression is either indirect or requires low, undetectable levels of Kr protein. Kr has been shown to be necessary to maintain the posterior border of sip expression (Grossniklaus et aI., 1994) . However, in that case, a significantly stronger repressive effect is observed than is seen here for otd. The relatively minor effects of Kr and kni on otd head expression may be indirect, resulting from complex shifts in the embryonic fate map. In addition to the gap genes, we tested the effects of mutations in pair-rule and homeotic genes on otd head expression. We particularly focused on genes that are expressed in the vicinity of the early head stripe. No obvious changes in early otd expression were induced by mutations in paired, hairy, even-skipped, fushi tarazu, Deformed, labial, or forkhead. Mutations in the pair-rule gene runt induce weak ectopic expression of otd (C. Tsai and J.P. Gergen, unpublished observations), which may be mediated indirectly through the effect of runt on bcd activity (Tsai and Gergen, 1994) .
Discussion
In the fertilized egg, gradients of maternally encoded gene products initiate the process of pattern formation. The basic question we are addressing here is how these molecular gradients induce the region-specific expression of zygotic genes in the anterior embryo. We are focusing specifically on the otd homeobox gene, which is ultimately expressed in a specific domain of the developing head. The goal of this analysis is to determine how the boundaries of otd expression are established, both with respect to the anteroposterior and dorsoventral axes of the embryo. The results described here indicate that this process requires the input of three maternal coordinate systems, as well as unexpected interactions among these systems. These results are summarized schematically in Fig. 8. 
The anterior and terminal systems cooperate to activate otd expression in the head
As we have shown previously, the anterior system is strictly required for otd expression in the head primordium. By varying maternal bed dosage, we demonstrate here that both the anterior and posterior borders of early otd RNA expression respond to changes in the bed gradient. The nature of this response suggests the existence of additional activators of otd expression. The first of these activators, as has been shown by Ronchi et ai. (1993) , is hb. We find, however, that when maternal and zygotic hb are maximally reduced using the BBNH system, otd expression is not eliminated as has been reported previously. Instead, we observe that the posterior boundary of the otd stripe shifts anteriorly. It is possible that residual levels of maternal hb have become slightly higher in BBNH females over time. Alternatively, hb may function simply to facilitate bed activation, or affect otd indirectly by its effects on the blastoderm fate map.
We also show that the terminal system is necessary for correct otd activation. This is demonstrated by three observations. First, in tor mutant embryos, the posterior border of otd expression shifts in the anterior direction. This change is not as dramatic as that induced by reducing bed levels (Fig. 2) . For example, reducing maternal bed dosage from two to one copies causes the posterior border to shift more than 7% EL, while eliminating maternal tor activity causes less than a 3% EL shift. Second, increasing tor activity causes the otd stripe to widen significantly, with both its borders moving in the posterior direction (Fig. SC) . This effect resembles that caused by increased maternal bed dosage, again showing that the terminal system can potentiate otd activation. Finally, the ectopic posterior otd expression seen in embryos with low, relatively uniform bcd levels (e.g. from vas exu females) is strictly tor-dependent. All these observations indicate a role for the terminal system in the bcddependent activation of otd. Whether this role involves an increase in the potency of bed as a transcriptional activator through low levels of phosphorylation remains to be determined.
Anterior head development can occur in the presence of low bed levels
Early models of embryonic pattern formation suggested that head-specific gap gene activation requires high levels of the bcd morphogen, as compared to the lower concentrations necessary for trunk development. Although it is true that setting the borders of early otd expression correctly requires specific bcd levels, we show that both otd activation and the formation of anterior head structures can proceed in the presence of relatively low bcd concentrations. In vas exu embryos, low levels of bed are present throughout the embryo. In spite of this, otd expression is activated not only in the anterior head region, but also ectopically at the posterior end (Fig. 4A,B) . Perhaps more importantly, anterior head structures develop in both these regions. Antennal sense organs, for example, which are normally derived from the antennal segment (an anterior cephalic segment), form ectopically at the posterior end of these mutant embryos. These results demonstrate that anterior head development is not simply bcd concentration-dependent, but rather requires the interaction of mUltiple maternal systems. As mentioned above, both posterior otd expression and development of ectopic head structures is tor-dependent, indicating that the terminal system can potentiate low levels of bed activity.
Anterior repression oj otd by hkb reveals cooperation between three maternal morphogens
Here, we have identified a role for the dorsoventral system in the anterior repression of otd. In dl embryos, otd RNA persists at the anterior terminus, rather than disappearing as in wild-type embryos. We observed a similar loss of anterior repression in embryos mutant for the terminal gap gene hkb. The repression function of dl is mediated, at least in part, through hkb since anterior hkb expression is lost in dl embryos. It is possible that loss of anterior otd expression results from direct repression of otd by hkb. The stronger effect of tor mutations on anterior retraction can be explained by their elimination of both the hkb-mediated and raj-mediated repression pathways.
Rusch and Levine (1994) have demonstrated previously an interaction between the terminal and dorsoventral systems in the regulation of dl target genes. In that case, however, the terminal system prevents dl from functioning as a repressor. Here, we observe a different form of interaction, in which dl activates hkb, ultimately resulting in the repression of otd expression at the anterior terminus. Our results also suggest that this repression is bcd level-dependent, since increased bcd concentration causes a posterior expansion of the hkb expression domain. This expansion may explain the posterior shift of the otd anterior border that occurs as maternal bcd dosage increases. Remarkably, this hkb-mediated repression pathway requires the cooperation of all three maternal systems involved in head specification.
Less surprisingly, we have shown that dl is also required for the ventral retraction of otd expression. Because of its early occurrence, and because mutations in the dl target genes snail and twist do not affect ventral repression, this effect may result from direct repression of otd by dl. In other situations, dl has been shown to require a cofactor in order to function as a repressor (Huang et aI., 1993; Jiang and Levine, 1993; Kirow et aI., 1993) . Unlike the case of sIp, where dl and ems appear to function collaboratively to induce ventral repression (Grossniklaus et aI., 1994), we have found no other mutation that affects otd expression in the ventral region. Therefore, if dl requires a corepressor to negatively regulate otd, it remains to be identified.
Is posterior repression important Jor limiting otd expression to the head primordium?
The remaining question regarding the establishment of otd head expression is whether posterior repressors are required. None of the mutations we tested result in dramatic expansion of otd in the posterior direction. Only Kr and kni mutations induce a shift of the posterior border, but this effect is relatively small (1-2 cells) and could be the result of shifts in the fate map resulting from complex cross-regulatory interactions among gap genes. Three possibilities remain. The first is that otd expression is limited to the head because it is activated by bcd, tor, and hb, whose activi~ies are strongest in the anterior region of the embryo. The second is that posterior repres-I sion exists, but requires the cooperation of multiple genetic activities. This can be addressed through double mutant analysis, which we have not attempted here. Finally, it is possible that a posterior repressor exists which is yet to be identified. The homeodomain protein caudal, for example, is expressed in a posterior to anterior concentration gradient which could, directly or indirectly, limit anterior gene expression (Macdonald and Struhl, 1986; Mlodzik and Gehring, 1987; Rivera-Pomar et al., 1995) .
The four systems of maternal coordinate genes function largely independently. Perhaps the most striking implication of our results, however, is the unexpected degree to which the three systems required for head development (the anterior, terminal, and dorsoventral systems) interact. As has been discussed, examples of such interactions have also been seen for the genes til and sIp. Remarkably, however, studies of each of the different head gap genes have revealed novel mechanisms of cooperation. Further investigation of the molecular basis of these interactions will be critical to understanding the molecular basis of anterior pattern formation. dehyde (in PBS) and prehybridization and hybridization performed at 48°C (a detailed protocol will be supplied upon request). Embryos were viewed on a Zeiss Axioskop using Nomarski optics and photographed using Kodak TMAX-IOO film.
The otd plasmid used is a 3.8 kb cDNA cloned into the EcoR! site of the plasmid pBSK (for further details see Finkelstein et aI., 1990) . This plasmid was digested with Kpn I and an antisense RNA probe synthesized using T3 polymerase as described in Ronchi et ai. (1993) . The ftz plasmid pGEM-fl (provided by Jim Jaynes) was cut with EcoRV and transcribed with SP6 polymerase to generate an antisense probe. The hkb plasmid (a gift of Guenter Broenner), containing a hkb cDNA in the vector pNB, was linearized with Hind III and probe made using T7 polymerase.
Cuticles were prepared in Hoyer's mountant as described (Van Der Meer, 1977) and viewed by phase contrast microscopy.
Data analysis
Previously, we reported the extent of the otd 'stripe' as 70-90% EL along the axis connecting the anterior and posterior poles in lateral views of blastoderm embryos (Finkelstein et aI., 1990) . Here, in order to obtain more reliable measurements, we used a different measurement system. Only dorsal views were used, and photographs taken in which the plane of focus was the cells at the periphery of the blastoderm. Measurements were obtained by drawing a line connecting the limits of the stripe boundary at the two sides of the embryo and determining its point of intersection with the anteroposterior axis. Because of the curvature of the stripe, this method results in more anterior positions (74.5-92.0% EL in wild-type embryos) than we reported previously. For most mutations tested, measurements were made on at least 20 cellular blastoderm embryos, particularly before concluding that no effect on otd expression was present.
